The murine B29 (Ig␤) promoter is B cell specific and contains essential SP1, ETS, OCT, and Ikaros motifs. Flanking 5 DNA sequences inhibit B29 promoter activity, suggesting this region contains silencer elements. Two adjacent 5 DNA segments repress transcription by the murine B29 promoter in a position-and orientationindependent manner, analogous to known silencers. Both these 5 segments also inhibit transcription by several heterologous promoters in B cells, including mb-1, c-fos, and human B29. These 5 segments also inhibit transcription by the c-fos promoter in T cells suggesting they are not B cell-specific elements. DNase I footprint analyses show an approximately 70-bp protected region overlapping the boundary between the two negative regulatory DNA segments and corresponding to binding sites for at least two different DNA-binding proteins. Within this footprint, two unrelated 30-bp cis-acting DNA motifs (designated TOAD and FROG) function as positionand orientation-independent silencers when located directly 5 of the murine B29 promoter. These two silencer motifs act cooperatively to restrict the transcriptional activity of the B29 promoter. Neither of these motifs resembles any known silencers. Mutagenesis of the TOAD and FROG motifs in their respective 5 DNA segments eliminates the silencing activity of these upstream regions, indicating these two motifs as the principal B29 silencer elements within these regions.
The B29 gene is strictly B cell-specific and expressed at all stages of B cell differentiation (1) . The B29 gene product, also called Ig␤, is disulfide-linked to the mb-1 gene product Ig␣ and this heterodimeric complex is associated with all Ig isotypes to form the B cell-receptor complex (2) (3) (4) (5) . The B29-mb-1 heterodimer plays a central and critical role in B cell development. Specific events in B cell development that are controlled by B29-mb-1 heterodimers include allelic exclusion (6, 7) and the pre-B cell transition marked by cell surface translocation of IgM (3, 4, 6, 8) . Signal transduction through cross-linked IgM is also controlled by B29-mb-1 heterodimers (for review, see ref. 9 ). In addition, B29 knock-out mice (i.e., Ig␤ Ϫ/Ϫ ) produce pro-B cells that fail to progress beyond the DJ H stage of rearrangement, suggesting B29 is essential for VDJ H recombination resulting in functional chain production (10) .
We have previously identified and characterized the B29 minimal promoter to resolve the features controlling its B cell specificity (11) . The B29 promoter is a TATA-less promoter containing essential cis-acting OCT, ETS, SP1, and Ikaros motifs (11) . A similar spectrum of motifs is present in the promoters of other TATA-less genes expressed in lymphocytes including ETS-1 (12) , bcl-2 (13), mb-1 (14) , TdT (15) , VpreB (16) , 5 (17) , CD19 (18) , and pp52 (19) . The strict B cell specificity of the B29 minimal promoter is determined by the combinatorial activities of this cassette of different transcription factors (11, 20) .
The current study focuses on the B29 regulatory region 5Ј of the murine minimal B29 promoter. Deletion analyses of the B29 gene 5Ј flanking region revealed two adjacent regions with significantly lower transcriptional activity than the minimal promoter, suggesting the presence of silencer elements. Silencers are functionally defined cis-acting regulatory DNA elements that down-regulate gene transcription. They generally exhibit activity in either orientation, may be either position-dependent or -independent, and may or may not affect heterologous promoters (13, 21, 22) . When tested in transient transfections, two unique DNA segments isolated from the inhibitory region 5Ј of the minimal promoter, designated Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments, inhibited transcription of the murine B29 minimal promoter in a position-and orientation-independent manner. Both DNA segments also inhibited transcription from heterologous promoters, further defining them as transcriptional silencers. DNA footprinting showed a 70-bp protected region overlapping the Ϫ354͞Ϫ355 boundary of these two segments. Within this protected region, two unrelated DNA sequences, designated the TOAD and FROG motifs, exhibited both position-and orientationindependent silencing of the B29 promoter. Electrophoretic mobility shift assays (EMSA) indicated that the TOAD and FROG motifs interact with distinct non-tissue-specific nuclear DNA-binding proteins. Site-directed mutagenesis of these two motifs in the context of their respective 5Ј DNA segments alleviated transcriptional silencing equivalent to successive deletion of the complete segments, thereby affirming that TOAD and FROG are the principle 5Ј silencer motifs in this region acting on the B29 promoter.
MATERIALS AND METHODS
Plasmid Construction and Mutagenesis. The B29 minimal (Ϫ164) promoter and 5Ј deletion constructs with endpoints at positions Ϫ1230, Ϫ890, Ϫ719, Ϫ565, Ϫ354, and Ϫ293 were cloned in pCAT Basic (Promega). In all constructs, the B29 endogenous ATG was destroyed, leaving the translation start site as the first methionine codon of the chloramphenicol acetyltransferase (CAT) gene. B29 5Ј segments (Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355) were generated by PCR and cloned 5Ј of the following promoters: murine B29 (Ϫ164), c-fos (Ϫ71) (23) , human B29 (Ϫ193) (24) , and murine mb-1 (Ϫ-252; provided by Rudolph Grosschedl, University of California at San Francisco) in pCAT Basic (Promega). B29 5Ј segments (Ϫ354͞ Ϫ165 and Ϫ565͞Ϫ355) were also cloned downstream of CAT in vectors containing either the B29 ( Ϫ164) or the (Ϫ354) promoter segments. The synthetic DNA oligonucleotides [5 Ј-CTCT TCCAGAGCA AGGCA ACCACAGGAGACC-3Ј (Ϫ349͞Ϫ321, i.e., TOAD) and 5Ј-GGTGTGCATTTAGCTA-AATTCCCCA-3Ј (Ϫ381͞Ϫ356, i.e., FROG)] were cloned in single and multiple copies and in both orientations 5Ј of B29 promoter constructs (positions Ϫ164, Ϫ354, and Ϫ565). Mutagenized constructs were generated by using the Quik-Change mutagenesis kit (Stratagene) and the following oligonucleotides: mTOAD (positions Ϫ335, Ϫ336), 5Ј-CTCTTCCAGAGCAAGttAACCACAGGAGACCA-3Ј, and mFROG (positions Ϫ369, Ϫ373), 5Ј-GGTGTGCAgTTAaCTAAATTCCCCA-3Ј. Other TOAD motif mutations at bases Ϫ329, Ϫ331, Ϫ333, and Ϫ338 had no effect on silencing activity (data not shown).
DNA Transfections and CAT Assays. M12 B cell line was transfected by the DEAE-dextran method (25) . Cells were cotransfected with 5 g of CAT reporter plasmid and 1 g of pRSV-luciferase. Extracts were prepared and assayed as in ref.
11 with the exception of quantification by PhosphorImager (Molecular Dynamics) analysis. Results were normalized to luciferase activity and are the average Ϯ SD of at least four transfections using at least two preparations of DNA. Absolute fold inductions for each promoter construct ranged from 8-to 40-fold (muB29), 8-to 30-fold (huB29), 6-to 20-fold (mb-1), 45-to 200-fold (c-fos M12), and 12-to 50-fold (c-fos BW5147) over vector alone (pCAT basic).
Nuclear Extracts and DNA-Binding Assays. Preparation of crude nuclear extracts from cell lines and DNase I footprinting were performed as described (26) . The DNase I footprinting probe was generated by 5Ј end labeling with [␥-32 P]ATP at the ClaI site of the pCR-Script B29 Ϫ411͞Ϫ293 PCR fragment construct, followed by digestion with SacI. EMSA was performed as described (11) . EMSA probes were the identical double-stranded oligonucleotides used in the silencer constructs labeled at both 5Ј ends with [␥-32 P]ATP.
RESULTS

B29
Minimal Promoter Activity Is Modulated by 5 Flanking DNA Sequences. The B29 minimal (i.e., positions Ϫ164 to ϩ32) promoter has been previously characterized as a TATAless promoter controlled by OCT, ETS, Ikaros, and SP1 cis-acting elements (11) . Herein, 5Ј flanking region deletions of the B29 (Ϫ164) promoter revealed multiple segments of negative regulation (Fig. 1) . Specifically, deletions ending at positions Ϫ354 and Ϫ565 exhibited only 40 and 20%, respectively, of the maximal activity of the B29 (Ϫ164) promoter. Interestingly, the activity of the human B29 minimal promoter is also strongly inhibited by its 5Ј flanking sequences (24) , although no significant sequence homology exists between the murine and human B29 gene inhibitory regions. The murine B29 negative DNA Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments were analyzed for their capacity to act as silencer elements.
Two B29 5 Gene Segments Function as Position-and Orientation-Independent Silencers. Many silencers, like enhancers, can function in a position-and orientationindependent manner (20, 21, 27, 28) . The B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments were individually cloned in forward and reverse orientations directly 5Ј of the B29 (Ϫ164) promoter and tested for silencer activity. Both segments were also cloned in the forward orientation downstream of the CAT reporter gene in the B29 (Ϫ164) promoter construct. These silencer constructs were transiently transfected into the M12 B cell line analyzed in comparison to the B29 position Ϫ164, Ϫ354, and Ϫ565 5Ј deletion constructs (Fig. 2) . Both the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments reduced CAT reporter activity by 60-70% in both orientations when located directly 5Ј of the B29 (Ϫ164) promoter. Both also reduced CAT activity 40-60% when located downstream of the CAT reporter gene.
Overall, these silencer constructs exhibited activities comparable to the B29 (Ϫ354) promoter. Neither the B29 Ϫ354͞ Ϫ165 nor the Ϫ565͞Ϫ355 segment showed further inhibitory effects on CAT reporter gene activity when placed upstream of the B29 position Ϫ354 and Ϫ565 promoters (data not shown). Thus these data suggest the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments function independently but may cooperate incrementally in overall silencing activity.
B29 5 Segments Silence Heterologous Promoters. Another feature of many silencer elements is their ability to inhibit transcription from heterologous promoters (12, 13, 20, 21, (27) (28) (29) . Constructs were generated to assess the silencing activity of the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments on promoters other than B29. The Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments were tested for silencer activity in both orientations directly 5Ј of the human B29 minimal (Ϫ193) promoter and the mb-1 minimal (Ϫ252) promoter. Regardless of orientation, both segments inhibited the mb-1 (Ϫ252) promoter to an extent comparable to the B29 (Ϫ164) promoter (Table 1) . Both segments also inhibited the human B29 (Ϫ193) promoter similarly to the murine B29 (Ϫ164) promoter only when in the wild-type orientation. The inhibitory activities of the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments were not unexpected since the spectrum of active motifs in the mb-1 and human B29 promoters closely resembles that in the murine B29 (Ϫ164) promoter (11, 14, 24) . To test their activities on a more disparate promoter, the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments were analyzed for silencing activity on the c-fos (Ϫ71) promoter, which is regulated by a different array of cis-acting motifs and contains a TATA box (23) . When placed directly 5Ј of the c-fos (-71) promoter, both segments inhibited activity to the same extent as the B29 (Ϫ164) promoter (Table  1 ). These data indicate that the silencing activities of the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments are not restricted to the murine B29 promoter. B29 5 Silencer Segments Function in T Cells. The c-fos silencer constructs used above were tested in a T cell line where the c-fos promoter is also active. The B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments inhibited c-fos promoter activity in BW5147 T cells by 50% (Table 1) , indicating these silencer elements are not B cell specific. These data, in combination with the earlier heterologous promoter results, strongly suggest the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments function via a silencing mechanism that is neither promoter-nor cell-type-specific. The B29 Ϫ354͞Ϫ165 and the Ϫ565͞Ϫ355 segments do not contain any sequences with significant homology to known cis-acting silencer motifs or negative regulatory elements (30) .
B29 Silencer Elements Interact with DNA-Binding Proteins. Although some silencer elements do not interact with DNA binding proteins (20) , others appear to function through DNA-protein interactions (20, (31) (32) (33) . DNase I footprinting was performed over the B29 Ϫ565 to Ϫ164 promoter region to locate nuclear protein binding sites. One extended footprint was observed from Ϫ320 to approximately Ϫ389 spanning the boundary between the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 silencer segments analyzed in Fig. 2 . Two oligonucleotides were designed to cover the majority of the footprinted regions (i.e., 60͞69 bp) on each side of the B29 (Ϫ354) boundary. These two 30-mers were designated the TOAD (Ϫ349͞Ϫ321) and FROG (Ϫ381͞Ϫ356) motifs. The TOAD and FROG motifs each formed specific nuclear protein complexes of differing mobility in EMSA (Fig. 3B) . Neither motif competed protein binding to the other, indicating that their protein-DNA complexes differ (Fig. 3B) . Protein-DNA complexes with the same mobility were formed with these motifs and nuclear extracts from B cells, T cells, myeloid cells, and fibroblasts (data not shown), suggesting these binding factors may be ubiquitously expressed. These results are not unexpected as the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments were shown to be neither promoter-nor cell-type-specific silencer elements in Table 1 .
Silencing Activity of the B29 5 Segments Corresponds to the Two Motifs Shown to Interact with DNA-Binding Proteins. To determine whether the TOAD and FROG motifs exhibited independent silencing activity without the flanking sequences of the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments, both 30-mers were inserted in several configurations directly 5Ј of the B29 (Ϫ164) promoter construct. Single copies of the TOAD or FROG motifs individually produced 60-70% reductions in activity of the B29 (Ϫ164) promoter in the wild-type orientation and 50-60% reductions in the opposite orientation (Fig.  4) , showing orientation-independent silencing activity out of the context of their 5Ј DNA segments. The presence of multiple copies (i.e., two to four) of either the TOAD or FROG motifs did not inhibit the B29 (Ϫ164) promoter beyond the levels obtained with single motifs (Fig. 4 and data not shown). Hence, the properties of the isolated TOAD or FROG motifs are identical to those obtained with their respective 5Ј B29 DNA segments (i.e., Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355), strongly suggesting that TOAD and FROG are the primary active inhibitory motifs in this region.
To test this prediction, mutations were introduced into FROG and TOAD motif sequences in the B29 (Ϫ565) and (Ϫ354) deletion constructs. Base changes disrupting the FROG motif palindrome and one mutant of a series of six scanning mutations of the TOAD motif eliminated silencing activity in a stepwise manner duplicating the effects of deleting the wild-type FROG and TOAD motifs in the B29 (Ϫ565) and (Ϫ354) deletion constructs (Fig. 5) . Specifically, mutation of the TOAD motif restored activity of the B29 (Ϫ354) construct to that of the minimal promoter, whereas mutation of the FROG motif raised activity of the B29 (Ϫ565) construct to that of the B29 (Ϫ354) construct, reflecting the presence of the wild-type TOAD motif within this fragment. These mutations reduced, but did not completely abbrogate, protein binding in EMSA (data not shown). The role of DNA-binding proteins in TOAD and FROG silencer activity remains to be resolved. 
DISCUSSION
We have shown that B29 minimal promoter activity is controlled by dual silencer elements located in the B29
Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments. Both of these 5Ј segments exhibit inhibitory activity and the two active motifs (designated TOAD and FROG) identified within them were shown to function as position-and orientation-independent silencers. The B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments were found to inhibit transcription from heterologous promoters including the murine mb-1 and c-fos promoters and the human B29 promoter. In addition to lacking promoter specificity, these silencer elements also lacked cell-type specificity in that they inhibited transcription from the c-fos promoter in both B and T cell lines. These data are not surprising given that DNA-protein complexes formed with TOAD and FROG motif oligonucleotides were found in nuclear extracts from all cell types analyzed by EMSA. The TOAD and FROG motifs exactly mimicked the silencing properties of the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments. Additionally, mutations in the TOAD and FROG silencer motifs abolished the silencing activity of their respective 5Ј segments. These findings strongly implicate the TOAD and FROG motifs as the primary silencer elements in these regions upstream of the B29 promoter. These two silencer motifs were identified by DNase I protection analyses over the B29 Ϫ354͞Ϫ165 and Ϫ565͞Ϫ355 segments. The TOAD and FROG motif oligonucleotides corresponding to the region protected from DNase I digestion bound distinct protein complexes in EMSA that were not competed by each other. These data suggest the B29 silencing activity is due to at least two separate motifs that bind different proteins. This does not, however, eliminate the possibility that these two motifs and their respective protein complexes work together to provide maximal silencing activity of this region. In fact, only partial alleviation of silencing was observed when only one of the motifs was mutated in a construct where both were present (Fig. 5) , suggesting that these motifs act cooperatively.
Neither the TOAD nor the FROG motif harbors any significant sequence homology to other known cis-acting silencer elements (30) . Interestingly, the TOAD motif is 50% homologous with the consensus early B cell factor (EBF) motif (34) and 78% homologous to the mb-1 promoter EBF motif (35) . EBF is known to function as a positive trans- activator (35) (36) (37) . Based on EMSA competition experiments, the B29 TOAD motif does not appear to interact with EBF (unpublished data). In addition, TOAD motif DNAprotein complexes are formed with extracts from cell types where B cell-specific EBF is not expressed (36) , further negating its possible interaction with the TOAD silencer motif. The FROG motif contains a central 12-bp palindromic sequence. The mutations in the FROG motif, designed to disrupt this palindrome, abolished its silencing activity. Palindromes appear to be necessary for trans-acting factor binding and silencing activity in several silencers including: the huCYP1A1 gene negative regulatory element (NRE) (38) , the lox gene NRE (39) , and the Ig gene silencer (40, 41) . Our findings indicate the B29 silencers are non-cell-typespecific elements that modulate the activity of the B cellspecific minimal (-164) promoter but have the ability to silence other promoters as well. Other silencers mimic these features of the B29 silencers by contributing to the transcriptional regulation of the gene but not by controlling tissue specificity. These include bcl-2 (13), ETS-1 (12), and 5 (42) . Interestingly, like B29, all of these genes have TATA-less promoters and initiate transcription at multiple start sites (17, 43, 44) , like B29 (11). The bcl-2 NRE is neither promoter-nor cell-type-specific (13) . This NRE contains multiple regions contributing to its silencing activity, but it differs from the B29 silencers in that the bcl-2 NRE is both position-and orientation-dependent (13) . The human ETS-1 gene contains two NREs that, like the B29 silencers, are orientation-independent and are not promoter-specific (12) . The 5 silencer is less well defined but does not impart tissue or stage specificity as it is active in all stages of B and T cell development (42) .
The B29, bcl-2, ETS-1, and 5 regulatory regions present an interesting conundrum by having silencer elements that are active in cell types where the genes are expressed (12, 13, 42) . These silencer elements may serve to modulate the level of transcription of their respective genes rather than to control cell-type-specific gene expression. Such silencers would function as governors restricting fluctuations in gene activity, thereby preventing deleterious consequences of overexpression. Overexpression of bcl-2 is postulated to underlie the prolonged survival in neoplastic B cell disorders of follicular non-Hodgkin lymphoma and chronic lymphocytic leukemia (45, 46) . CD3 overexpression blocks T cell development at a very early stage preceding T cell receptor (TCR) rearrangement (47) . CD3 also acts as an oncogene when overexpressed in prothymocytes (48) . These findings are especially relevant to the possible consequences of B29 overexpression as CD3 fulfills the same role in the TCR as B29 does in the B cell receptor.
The finding that multiple copies of either TOAD or FROG did not inhibit the activity of the B29 promoter beyond the combined effects of single FROG and TOAD motifs may be a ref lection of a fundamental property of the class of silencers that function as gene expression governors. Namely, their function is to limit but not completely repress gene transcription. Accordingly, the maintenance of B29 gene expression at a particular level by the TOAD and FROG motifs may be essential for normal B cell development or function.
